The kimberlite rocks of the Udachnaya-East pipe (Siberia) are uniquely fresh and contain very high abundances of primary volatiles (Cl, CO 2 , S). Alkali elements and chlorine are extremely abundant in the reconstructed kimberlite melt compositions, and this enrichment is very important for our understanding of deep-mantle melting and melt transport. Here we present new isotopic data that confirm a mantle origin for these kimberlitic chlorides and carbonates, and constrain the kimberlite emplacement age as ca. 347 Ma. The initial Nd and Pb isotope ratios in a large salt aggregate, in a Cl-S-enriched water leachate of the groundmass, and in the silicate fraction of the groundmass are very similar ( Nd ‫؍‬ ؉3 to ؉4, 206 Pb/ 204 Pb ‫؍‬ 18.6, 207 Pb/ 204 Pb ‫؍‬ 15.53), implying a comagmatic origin of the chlorides and carbonates and the silicates. Combined Sr, Nd, and Pb isotope data are used to rule out any significant contributions to the kimberlite chlorine budget from crustal sources, such as the Cambrian evaporite sequences of the Siberian platform. Our data support the interpretation that exsolved Na-K chloride and Na-K-Ca carbonate formed directly from original uncontaminated kimberlite magma. High Cl abundances in kimberlites suggest the presence of a Cl-rich reservoir in the deep sublithospheric mantle.
INTRODUCTION
The parent magmas of kimberlites, the principal source of diamonds, originate from mantle depths of 150-200 km, deeper than any other known terrestrial magma (e.g., Dawson, 1980; Haggerty, 1999; Mitchell, 1989) . Although much progress has been made in understanding their origin (e.g., Harris et al., 2004; le Roex et al., 2003; Price et al., 2000; Rao et al., 2004) , many aspects of the composition and genesis of primary kimberlite magmas are still unclear. One key issue is the nature of volatiles in the mantle and kimberlite magmas and their role in partial melting, melt extraction, and transport from deepmantle source regions. Other questions relate to the effects of different volatiles on diamond nucleation and growth (e.g., Pal'yanov et al., 2002; Tomlinson et al., 2004) .
The presence of chlorides in some Siberian kimberlites has been previously attributed to postmagmatic interaction with saline groundwaters (e.g., Pavlov and Ilupin, 1973) . Kamenetsky et al. (2004) presented the first petrographic, chemical, and melt inclusion E-mail: Maya.Kamenetsky@utas.edu.au. evidence for primary magmatic origin of water-soluble alkali chlorides, carbonates, and sulfates in the Udachnaya-East kimberlite (Yakutia, Siberia) . The preservation of a mantle-derived volatile signature in these kimberlites is thought to be linked to the absence of synmagmatic and postmagmatic alteration (Golovin et al., 2003; Kamenetsky et al., 2004) , alteration being an otherwise common feature in most other kimberlites (Mitchell, 1986) . If confirmed, the discovery of a Cl-rich component in kimberlite mantle sources would represent an important advance in our understanding of deep-mantle melting and kimberlite petrogenesis.
In this paper we address the issue of crustal contamination as a source of Cl-rich components in the Udachnaya kimberlite. Like most Yakutian kimberlites, the Udachnaya pipes were emplaced through Cambrian carbonates and evaporites. Furthermore, pools of Mg-NaCl-rich brine derived from sedimentary rocks are present in the Udachnaya open pit. A crustal source of some or all of the Cl-rich material in the kimberlite groundmass thus appears feasible and would seriously weaken the conclusions of Kamenetsky et al. (2004) .
However, new Sr, Nd, and Pb isotope data for sequential leachates of the kimberlite groundmass samples rule out a crustal origin and confirm a primary mantle origin for the alkali chloride-carbonate components in this kimberlite. The data also provide new constraints on the emplacement age of the UdachnayaEast pipe.
SAMPLE DESCRIPTION
The Udachnaya kimberlite, one of numerous diamond-bearing DevonianCarboniferous kimberlites in Yakutia, consists of two intersecting pipes (East and West) emplaced in Ordovician limestones and dolomites. Perovskite U-Pb dating indicates an age range of 367-353 Ma (Griffin et al., 1999; Kinny et al., 1997) . Kimberlites in this area erupted through thick Vendian-Cambrian platform carbonate-evaporite sequences overlying Archean-Proterozoic basement of the Siberian craton (Pelechaty et al., 1996; Sobolev, 1984) . The samples studied here and described in Kamenetsky et al. (2004) are from the lower part (ϳ500 m) of the Udachnaya-East open pit and are practically unaltered. Groundmass comprises euhedral silicates (olivine, phlogopite, monticellite, plagioclase, sodalite), oxides (perovskite, spinel, titanomagnetite), sulfides (pyrrhotite, djerfisherite), Na-K chlorides, NaCa sulfates, apatite, and calcite; serpentinite is absent. Losses on ignition (LOI) of as much as 17% are related to abundant chlorides and carbonates volatile at 1000 ЊC. Groundmass samples show chemical features (Table DR1) 1 typical of kimberlites, although alkalies (3.5-5.1 wt% Na 2 O, 1.9-2.2 wt% K 2 O) and Cl (2.2-3.1 wt%) are unusually high. Trace element patterns (Fig. 1) cally strong enrichment in most incompatible trace elements and strong rare earth element (REE) fractionation.
RESULTS
In an attempt to extract Cl-and CO 3 -rich groundmass components of purported mantle origin (Kamenetsky et al., 2004) , two representative samples (YBK-0, YBK-3) were leached sequentially with cold distilled water (L1, L1*) and cold 1M HCl (L2), leaving a silicate-rich residue. Isotopic data were also obtained for a large salt aggregate in YBK-3 (Fig. 2) . Appendix DR1 (see footnote 1) provides details of analytical procedures and chemical data.
Water leachates of the groundmass (L1, 7.3-10.8 wt% of original bulk samples) removed a component enriched in alkalies, Cl, carbonate, and sulfate (Table DR1 ; see footnote 1). Overall trace element levels of L1 are low (Fig. 1) ; in detail, contents of large ion lithophile elements are high relative to high field strength elements and Th. Rubidium appears to be anomalously high. Further leaching with dilute HCl (L2) produced mass losses of 24-32 wt% (Table DR1) . Lively CO 2 degassing suggests that a carbonate component (calcite) was principally dissolved. Trace element patterns of L2 resemble those for the L1 fractions but show greater extremes, most notably for Sr (Fig. 1) . Unlike HCl leachates from some other kimberlites (e.g., Alibert and Albarède, 1988) , those produced here have low REE contents. As expected, the residues have broadly complementary trace element patterns (Fig. 1) (Pearson et al., 1995) .
PIPE AGE
Prior to 1997, ages ranging from 389 to 335 Ma had been suggested for the Udachnaya pipes. This interpretation was based on Rb-Sr data for carbonates and phlogopites (Maslovskaja et al., 1983) , U-Pb zircon ages for nearby diamondiferous kimberlites (Sobolev, 1984) , stratigraphic relationships (Pearson et al., 1995) , Sm-Nd mineral ages for eclogitic xenoliths (Snyder et al., 1993) , and K-Ar data for clinopyroxene inclusions in Udachnaya diamonds (Burgess et al., 1992) . Kinny et al. (1997) and Griffin et al. (1999) reported sensitive high-resolution ion-microprobe U-Pb perovskite ages of 367 Ϯ 5 Ma (UdachnayaEast) and 361 Ϯ 4 and 353 Ϯ 5 Ma (Udachnaya-West), as well as similar perovskite ages (362-355 Ma) for other kimberlites in the Daldyn field.
In a Rb-Sr isochron plot (not shown), the data for bulk, L2, and residue of both samples define straight unmixing arrays that, if interpreted as isochrons, yield apparent ages of 351 Ϯ 30 and 343 Ϯ 20 Ma; pooling all six data points yields 347 Ϯ 6 Ma (mean square of weighted deviates [MSWD] ϭ 12, 0.7049 Ϯ 0.0002). This apparent age is not changed if a small correction is applied to the L2 Rb/Sr ratios to account for possible leaching artifacts, i.e., excess of Rb in L1. The large salt aggregate ( Fig. 2) with Rb-Sr characteristics reminiscent of mica yields a model age near 350 Ma for all likely initial 87 Sr/ 86 Sr values. Regression of the halite data with those for the bulk-L2-residue triples from both samples produces ages of 346 Ϯ 2 Ma. Very similar apparent ages are obtained from U-Pb isotope unmixing arrays for the same fractions: 347 Ϯ 2 (MSWD ϭ 0.047, YBK-0) and 342 Ϯ 2 (MSWD ϭ 0.65, YBK-3). U-Pb data for the salt aggregate do not change these apparent ages. The significance of these ca. 347 Ma ages is unclear in view of the ca. 20 Ma older perovskite U-Pb age for the Udachnaya pipes. However, given the absence of alteration (which makes a ca. 347 Ma metasomatic alteration event seem unlikely) and possible weaknesses in the U-Pb perovskite data (high common Pb contents, total 14 Ϯ 10 Ma range in reported ages for the two Udachnaya pipes; Kinny et al., 1997; Griffin et al., 1999) , we consider our ca. 347 Ma age (with a likely nominal error of Ϯ5 Ma) a plausible alternative estimate of the pipe age.
MANTLE ORIGIN OF CHLORIDES AND CARBONATES IN KIMBERLITE
Overall, the isotope data for both the silicate-rich residues and the soluble components (which collectively comprise the groundmass) fall within the field defined by most group I kimberlites from several cratons (Fig. 3) , including those from Yakutia (Kostrovitskii et al., 2004 ). This conclusion does not change if our ca. 347 Ma age rather than the 367 Ma perovskite age (Kinny et al., 1997) is used for age corrections; a switch to the younger age merely produces more homogeneous Sr and Pb initial isotope ratios while barely changing the Nd values. Although the data (corrected to 367 Ma) show some minor isotopic disequilibrium (Fig. 3) , there is no obvious evidence for a crustal contribution to the Cl-rich soluble groundmass components.
Crustal contributions could have come in the form of host rock-derived brines that form pools at the mine site. These brines are high in Mg, alkalies, and Cl and resemble typical cratonic shield brines (Fritz and Frape, 1982) . Three brine samples with Sr concentrations near 1000 ppm show a narrow range in 87 Sr/ 86 Sr (0.70885-0.70897) . This is higher than present-day 87 Sr/ 86 Sr ratios in Cl-rich water extracts from the kimberlite groundmass (L1, Ͻ0.707). Furthermore, the brines have very low Rb/Sr ratios (ϳ0.01) compared to the L1 fractions (Ͼ0.8). The mine site brines, or similar fluids present in the past, are thus unlikely to have contributed Cl-rich soluble components to the kimberlite. This assertion is also supported by the 347 Ma Rb-Sr age for the salt aggregate in YBK-3; this chloride is clearly old and unrelated to recent alteration.
Formation waters from the Cambrian carbonate and evaporite sequences traversed by the pipe during emplacement could be another source of crustal contamination. However, our isotope data for L1* and the salt aggregate rule out a significant contribution from this source. Initial Pb isotope ratios in the salt aggregate and in the L1* leachate are almost identical to those of the silicate and carbonate fractions of the kimberlite groundmass (Table  1) , implying a comagmatic origin. The same conclusion can be drawn from the high Nd value (ϩ3) in L1*. Furthermore, even the present-day 87 Sr/ 86 Sr ratios of the Cl-rich groundmass water leachates are lower than those of the Cambrian carbonate-platform sequences of Siberia (0.7082-0.7088; Derry et al., 1994) , implying that synmagmatic or postmagmatic contamination with fluids derived from these sequences is also unlikely. A similar argument applies to synmagmatic or postmagmatic contamination by Cl-rich fluids derived from the Cambrian evaporites. The 87 Sr/ 86 Sr ratios of the Cambrian evaporites were presumably similar to ambient seawater (0.7082-0.7088), or higher because of Sr import from surrounding cratonic areas. Radiogenic ingrowth since the Cambrian would have further raised the 87 Sr/ 86 Sr ratio. Any alteration fluids from the evaporites at any time would thus have 87 Sr/ 86 Sr far exceeding that in the kimberlite groundmass chlorides (Ͻ0.707).
In the absence of a plausible crustal source for the groundmass chlorides and carbonates and given the similar Nd and Pb isotope ratios in the water-soluble component and the silicate fraction of the groundmass, we conclude that the unusual groundmass chlorides and alkali carbonates in the Udachnaya-East pipe kimberlite must be mantle derived (Kamenetsky et al., 2004) . This evidence, in combination with other observations, e.g., the presence of Cl-bearing inclusions in diamonds (Bulanova et al., 1998; Izraeli et al., 2001) , and the strong effects of chlorides on diamond nucleation in carbonate fluids (Tomlinson et al., 2004) , suggest a significant role of volatiles, in particular chlorine, in deep-mantle processes. (Fig. 2) , and unleached (bulk) and leached groundmass samples (points for L1* and bulk groundmass overlap). Use of 347 Ma rather than 367 Ma age correction would result in reduced dispersion of data, with little change in absolute position. Fields for global group I and group II kimberlites, modern mid-oceanic-ridge basalt (MORB), and oceanic island basalt (OIB) are also shown. 4.45 Ga geochron is for reference only.
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Sample preparation: Internal groundmass fragments (<1 mm) from fresh kimberlite were handpicked with carefully cleaned new steel and plastic tools to avoid contamination of fragment surfaces. This was necessary because the principal aim of this work was to chemically and isotopically characterize water-soluble alkalichloride and alkali-carbonate components in the groundmass. These components were to be extracted using a leach with cold distilled water. In contrast to most other isotopic studies, this meant that the sample fragments could not be cleaned to remove laboratory contamination at any stage prior to isotopic analyses. In order to gauge the likely extent of contamination, a Pb-Sr blank was determined for the stainless steel spatula used to remove parts of the salt segregation (Fig.2) . This was done by collecting repeated dilute HCl rinses from the tip of the (previously acid cleaned) spatula. This "smear" blank, representing ≈2 cm 2 of the spatula's surface, contained ≈0.3 ng of Pb, with a 206 Pb/ 204 Pb near 17, and ≈30 pg of Sr. As only the very tip of the spatula, with an area of ≈0.5 cm 2 , came in contact with the sample, the contribution from "smear" blank is unlikely to exceed 100 pg of Pb and 10 pg of Sr. These blank levels are small compared to the total amount of Pb and Sr within the analysed salt sample (≈240 ng Pb, 20.5 ng Sr).
Leaching, sample dissolution and aliquotting: Separates of groundmass fragments weighing ≈ 100 mg were leached with (1) cold distilled water, for 20 minutes, followed by (2) cold 1M HCl. After each leach step, leachates were pipetted off, combined with a water rinse, and the respective residues were dried and re-weighed to determine mass loss. The HCl-residues ("res"), as well as separate samples of unleached "bulk" groundmass, were dissolved with HF-HNO 3 (48 hrs) and 6M HCl (12 hrs) in Krogh-type high-pressure bombs in an oven set at 160 o C. The sample solutions were then split for separate analysis of (i) trace elements, (ii) U-Pb isotope
